(43) Application published IB Oct 1985 



(21) Application No 8421446 

(22) Date of filing 23 Aug 1384 



(51) INtCL 4 
A61B8700 



(52) Domestic classification 

G1G3N4FPB — ~~ ' • ; : . .'. 
U1S 1032 1059 GIG 

(56) bcKwmentscfted V v ; - \T 

GBA2065303 EPA2 C082SSS 

GB 1450741 WOA1 8W2785 

Note: WOA1 8002798 and GB A 2065303 are equivalent^ 

(58) Reld of search 

. . GIG .. . ■ -■ . ■ 



(30) Priority data 

(31) 8323113 
8324790 



(32) 26 Aug 1983 
15 Sop 1983 



(33) GB 



(71) Applicants 

22 Pendsely Road, Uandaff, Cardiff 
JonnFairctough, 

do ZZ Pendsely Road Uandaff, Cardiff 
UnNofces, 

do 22 PancteeJy Road, Uandaff , Card iff 
lanftftactde/ * 

do 22 Pendsely Road, Uarotaff, Cardiff 
Brian Htete, ^ 
do 22 PendseJy Road, Uandaff* Cardiff 
Alan Crawford, 

do 22 Pendsely Road, Uandaff, CardBT 
David England, • 
do 22 Pendsely Road, Uandaff, Cardiff 



(72) Inventors 



JtohnFairdough, 
. UnWotjss, . 
tonttfactdo, 
Brian rSicfta, . • 
AlanC^rfiMrd 
David England 

(74) Agent and/or Address for Service 
Rowland AUsop 8i Company, 
Black Boy Yard, 15 High Street, West Wycombe, 
ifigh Wycombe, Buclcs HP143AE 



(54) Method and apparatus for 
assessing the structure and mechanical 
integrity of osseous systems 

(57) A method and apparatus for 
assessing the mechanical and structural 
integrity of osseous systems for 
example we progress to completion of 
fracture union of a fractured bone. The 
method involves stimulating the bone 
to set up vibrations in the bone and 
then monitoring the resulting vibrations 
from the bone in such a way that an 
accurate assessment of the integrity of 
the bone can be made. This may be 
done by either stimulating the bone by 
mechanical impulse and detecting the 
changes In transmission of vibration 
from one point to another in the bone, 
or stimulating the bone with a 
sinusoidal wave form and monitoring 
the changes in resonant frequencies of 
the bone parts under investigation. 

The disclosed invention has the 
attributes that it yields a measure of the 
mechanical state of bone and that 
measure is quantitative. Moreover it 
yields data of similar quality whether 
the bone is intact, disrupted, healing or 
the site of an implant splint or 
prosthesis of whatever material, and 
has applications as a research tool or 
clinical monitor of skeletal changes. 
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With this method the step of obtaining the ratio between the respective vibratory signals from the two 
vibratory responding means, or the difference in natural mode frequency, cancels out extraneous and 
unwanted factors (such as limb dimensions) which would otherwise complicate the measurement assess- 
ment of the progniss of bone fracture union, and secondly; the weighting or preloading ;Of ; the respond- 
5 ing means diminishes me excessive damping effects on the vibratory signals caused by transmission of : 5 
the signals through the sldh tisstie surroundmg bone. p)\ . v- 

It has been fb^ 

the form of accel^rrieter; by an' amount which is related to the thickness of th?*oft tissue ^ be^veen the 
bone and me rheasuring device^ 
10 the dampingeffects of the tissue; ; • • ; v^'jv; *,v \;l ■ \ ;r - ■ '^^•^•■^ ' • • ' 10 

To avoid having to employ weighted or preloaded accelerometer probes in both the above fprms of 
bone stimulus to monitor vibratory >6s^ohseYDoppter ultrasonic sound detectors may be usep^ and th?. 
maximum Dbppier shift frequencies above and below ime fracture obtained to provide an assessment of 

15 U Aoo»rding to another aspect of theihvehtibn there is provided a method of assessing borie fracture 15 
union, obmpHsinfi applying Vibratory stirtiuius to a fractured 
from the bone mefeby to i drterhiihe progress to complete fracture union. 

Brief description of this drawings \ / ''''^'..^h ""u^^^ ^ 

20 The invention will how be d^cribed by way of example with rtference to a preferred embodiment of ^ 
the invention illustrated in the accompanying drawings wherein - : . ■ . 

Figure ! is a schematic illustration of suitable apparatus for assessing progress of bone fracture union 

according to the invention; • - •' m ' • • 'L' ^^ut^i - 

Figure 2 shows representative vibratory signal recordings taken from a group of patients with tibial 
25 shaft fractures at various stages of healing using the apparatus of Figure 1; V- ^ - ■ 25 
Figure 3 is a histogram of the amplitude ratios of vibratory signals obtained with the apparatus of Fig- 
ure 1 r from thirty normal tibiae; ./':;=-. . ; a l *-u- ^ 
Figure 4 is a graph of time-after-fracture plotted against amplitude ratio comparing those tibiae that 
went on to satisfactory union with tibiae that did not progress to satisfactory union; and , 
30 Figure 5 Is a schematic niustratioh of an alternative suitable apparatus for assessing progress of bone 30 
fracture union according to the frequency mode aspect of the invention. 



Best modes of carrying out the invention ■ ■, _ 

Apparatus for assessing the progress of fracture union of a skeletal element in this case the human 



35 



35 tibia, is shown in Figure 1. • • • • ' . : 

It comprises a pair of accelerometers 1 and 2 shown mounted on the anteromedial subcutaneous sur- 
face of a tibia T respectively to either side of a tibial fracture F. In the operational example shown the : 
accelerometer 1 is positioned 60 mm distal to the tibial tubercle, whilst the accelerometer 2 is 60 mm 
proximal the medial malleolus* • . \ • , hlkM . ^ 

40 To set up the required vibration in the tibia an impluse I of 0.045 Ns may be applied to the tibial tuber- 40 
cie, by means not shown, and the resulting vibrational effects in the tibia are displayed on an oscillo- 
scope 3 coupled to the accelerometers, the oscilloscope 3 being set simultaneously to display two traces 
respectively representative of the signals from the accelerometers 1 and 2. An x-y pen recorder 4 is con- 
nected to the oscilloscope 3 to provide a permanent record of the vibratory signal. . ; . . . 

45 To counteract the effects of skin thickness, each ^ 45 
force to such a degree that the obtained vibratory signal is comparable with a reference vibratory sfgntf 
which would be obtained with the accelerometers positioned directly on the fractured bone. It has been 
shown that this is met when the preload is within the range 3.2 to 6 Newtons, and the required value 
wimin mis range in any given case is* . ^ ■-^■L;". 

50 To test the clinical accuracy of the apparatus of Figure 1, a group of 20 patents, with unilateral diaphy- 50 
seal fractures in the tibia, and normal contralateral limbs were monitored with the apparatus to assess 
successful fracture union. /•/. . ' t -x^- 

Four typical waveform traces obtained from four patients over a period of time, from a few hours from 
initial injury up to six months later, are shown In Figure 2(a) to 2(d), Figure 2(a) being that from the left 

55 tibia of a 27 year old male after two weeks. Figure 2{b) from the left tibia of a 17 year old male attwp 55 
weeks and corresponding to a showing of moderate callus on the radiograph, Figure 2(c) the right tibia 
of an 80 year old male at twelve weeks and corresponding to tenuous radiographical union, and Figure 
2(d) the right tibia of a 22 year old male at eighteen weeks, clinically and radiographically solid. All the 
fractures were managed nonoperatively and went on to satisfactory union. *u etn 

60 Each Figure 2(a) to 2(d) shows a dual trace of a damped waveform, that in dotted outline being the 6U 
response from the distal accelerometer 2. The other damped waveform trace, in full outline, is the rer 
sponse from the proximal accelerometer 2 which is nonvariable and normal in all cases, that is normal 
with respect to that trace which would be obtained with the proximal accelerometer from a non-fractured 
tibia. 
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In another mode of carrying out th6 invention the skeletal element is stimulated by a sinusoidal wave- 
form and the first mode natural frequency of the skeletal part under study is measured directly and used 
to form a quantitative measure against which to assess the state of bone fracture union. 
Thus in comparison to the firetailfcve^flscrib^ : 
5 of energy transmitted alprig a bone is related to its: structural and mechanical integrity, th? second mode 5 
is based on the ^mf» that the natural ttquency of a discrete skel^l eieme 
menf s structural integrity is cdmprbrnised, and the part then exhibits on^or more 1 dijfererrt n^ra 
; quencies. ' ' *;•<•; : , -,."\ • • '■ 

to drive the bone at its natural frequency,, an electro- mechanical vibrator is -qppHA^I&'tlw^n^nd/ls 
10 driven by a sine wave generator whoseoutput is variable in frequency^ and determinable, so that the Id 
skeletal element can be driven at its natural frequency whatever that may be. 

Figure ili a schematic illustration Of an alternative suitable apparatus for assroirig prpgi^ pf boiile 
fracture ut^rC'timf^g to the frequency mode aspect of the invention. It comprises a frequency gener- 
ator G for vibrating the human tibia T, by application of a continuous vibration to the tibial tubercle. A 
15 first bone vibratory responding meanis, in the form of an accelerometer, is applied mm from t|ie;tibial 15 
tubercle and <a second bbne vibratory responding means is applied to th6 subcutaneous surface 60 mm 
from the medial malleolus, that is to ei^er side of a fracture F in the tibial X, ; :,r 

Each bone vibratory responding means is coupled to an oscilloscope from which botji signals from the , 
accelerometers can be displayed. For the tibia, the first mode natural frequency for b^ 
20 distal fragments thereof is determined by stimulating the tibial tubercle at various fluencies, and pb- 20 
serving that frequency at which the displayed sinusoidal trace of each accelerometer signal reaches h$ 
maximum amplitude. . ; :v . ■ , 

When the tibia is fractured the two traces on the oscilloscope show that the measured natural fre- 
quency is different in the proximal and distal fragments, and that the proximal fracture has the higher , 
25 frequency, the healing tibia may be visualised as two major fragments vibrating indeperidentiy at first 25 
but with an interface zone which gradually becomes stiffen As healing progresses the length of the vi- 
brating system is effectively increased an^ 

vibrating fragments. . . 

The mean fall in frequency difference as the tibia heals r correlates well with clinical and radiological 

30 evident of union, but is evident long before either of these current clinical techniques are helpful in the 30 
assessment of fracture healing. 

Calculation of this mean difference over a period of time forms an accurate means for assessing bone 
fracture union and when the difference is extremely small or npnr existent fracture healing can be said to : 
have taken place, the natural frequency of the tibia at that time corresponding to the first mode natural 

35 frequency of an intact tibia. ^ ; ^ 

A block diagram of a system for processing the data received frpm the accelerometers using the im- 
pulse mode of the invention is given in Rgure 6. The heart of the system is a microcomputer board 
offering four analogue- to-digftal converter inputs, and a number of digital outputs which may be used 
for circuit-control purpose. The inputs and outputs are all activated by computer software, which has 

40 been written specifically to perform the procedure described above. ; > 40 

The operating sequence is as follows: a digital trigger pulse from the computer is sent via an interface 
circuit to a solenoid-actuated piston. The piston is released, and impinges onto the tibia giving an impul- 
sive stimulus of defined value; The resulting vibrations within the tibia are detected by accelerometers 1 
and 2 (Bruel & Kjaer, type 4369), appropriately positioned on either side of the fracture site. The accelero- 

45 meters convert these vibrations into low-level electrical signals, which are then amplified by instrumental 45 
tion Amplifiers 1CI and ICIa. Provision is made in these circuits for the cancellation of offeet potentials, 
and for the adjustment of amplifier gain in order to compensate for any imbalance in the sensitivities of 
the transducers. 

The amplified acceterometer signals are then fed to the peak detector circuits, IC2 and IC3 for Accelero- 
50 meter 1, IC2a and IC3a for Accelerometers 2. IC2 (IC2a) captures and stores the maximum positive value 50 
of the vibration transient, and holds it ready for use by the channel 1 (1a) analogue-to-digital converter. 
Similarly, IC3 (3a) captures the maximum negative amplitude of the same transient for use by the Char* 
ne) 2 (2a) analogue-to-digital converter. The computer now allows conversion to take place; the timing of 
this process is software-controlled, so that conversion occurs within a few milliseconds of the detection 
55 of the transient peaks, in order to minimise errors due to the inevitable decay of voltage at the output of 55 
the detectors. ! 

The values resulting from the conversion process are stored by the computer as four variables. A sim- 
ple arithmetic sequence now calculates the peak-to-peak amplitude of vibration transient from each acce- 
lerometer, and determines the ratio of the two amplitudes for display as the required result of the test 
60 Finally, the computer generates a pulse which resets the outputs of all the peak detectors to zero, in 60 
readiness for the next test 
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RAM/general control register and the PIA for read/write operations. Writing to any other channel card 
register will disable the channel and enable the hew channel. ^7 ■.- ■•••>. . _ : *_1 A L 

The next register on a^charinel card is the GENEftAl REGISTEIt The g6he«l registeMs addressed in 
the range DDOO to DDFF: the general register c^ 'o^ 
5 however it can be written to at any time. This ability to write to the generarregister 
that all channel cards wi receive the same information at fhi*airie;iim* The ■channel^gister ;*^tx 

individi#c»^ 

^Th^^inlt output device on the ^miangb^^^ ^ 

10 The PIA can only beWritten to or read after the channel has been enabled, The flirt ^andsewndjc^ns, 110, 
make uo the dai registers of conti^ registenvThte lsjto 
allow the PIA^ b> treated as a si^een bfr 

AorB registers br as sb^en bite from ^ :'Jy 
The address lines are linked to the PIA in a non standard arrangement to give this type of access,,./., 

IB AO is linked to RSI ■ . • **■■[ 

Th^two interrupt lines IRQA and IRQB are linked to the system bus IRQ line and to the channel register. 
The curmm^rdtbtype cards do not have full addre^ decoding W registers on thftchannel ; , 

• .cards are duplicated mroughbutmeir address range. >•■;;:, • ^. ;i ; ; f :^:' i :v^-- :, ' ' ; ^''^J^ ; er^- 

20 Several channels are reserve* fbrsystern applications. The f^^^ 20 
. FE. One channel, b; is rese^^ - 
trol problems. Af l ower channel numbers are to be used as>ac*ess control*© ^ '"^^"S 8 ^ ^ • 

There are four onboard I/O device& T^ 
vices are the 6840. the 6850; tbe 68488 and a six hit output . . ,„•■ 

25 The latch can be used by the CPU to signal any errors found during a self test One bit of *e, latehjs ; 25 
reserved to allow the operating software to switch the system from a GPIB slave unit te a ^master, 
unit This option can be ignored and the CPU board hardwired as ajnasteror ^l 8 ^' ^J" 8 *^^" ?1* 
control of the bus and use ft to report the results or to take control of any other slave devices ortthe bus, 
elg. there are many x-y plotters on fte market with IEEE GPIB interfaces and such a plotter could be _ 

30 " T^ntoaSn^^ 

section can be used for external input/output devices. These must all be addressable in the top section of 

^TteaSSSe methods for assessing the rnecha"^ 
35 sWn mounted accelerometers to detect the transmission of externally induced ^brattons ^along Je bbia. 35 

The effect of soft tissue between the accelerometers and the tibia attenuates the received signals, and 

careful placement and preloading of the transducers is necessary to obtain reproducible resulte, 
An alternative technique, based upon Doppler ultrasound/to measure tibial vibrations may be^em- 

ployed, which is independent of the skin thickness and involves no preloading of the acceterpmeters. ^ 
40 Ultrasound striking a moving target will be reflected back to the transmitter changed in frequency by 40 

an amount given by: 

f 0 = 2f 8 v/„ - : - :. ' : ' 

where f» is the change in frequency (Doppler shift), 

f 8 is the frequency of the incident sound, 45 
45. vis the velocity of the moving target and 

and c is the speed of sound in me medium between source 

target (approximately 1500* ,-1). : 
If the target is vibrating sinusoidally then ite velocity can be written as 

50 where a, is the displacement of the target at a time t The maximum velocity is given by w 
s aoW= 2v f a D " . "•. 

where f is the frequency of vibration of the target Hence 



55 f D max = . 

c • • . . ' • • • : ' • ' 

and so 

4gff.a» 60 

60 f D max = 

Hence by measuring the maximum Doppler shift frequency the amplitude of vibration may be di- 
mmed. By suitable choice of f„ f and amplitude of vibration of target a value for f D in an acceptable range 
can be obtained. 
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16. A method as claimed in claim 15 wherein said ultrasound probe is coupled to the skin surface by 
a suitable water based gel. . . 

17. Apparatus for assessing the mechanical and structural integrity of osseous systems substantially 
as hereinbefore described with reference to and as illustrated in the accompanying drawings. 
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